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INTRODUCTION 

t h a t  t h e  organic  p o r t i o n  of bituminous coa ls  can be considered as a "Cross l inked 
polymer" ( s i c ) .  
have developed mathematical,  t o p o l o g i c a l ,  and physicochemical models which desc r ibe  
network s t r u c t u r e  o f  coa ls  by accurate and p h y s i c a l l y  complete t h e o r i e s .  

Lucht and Peppas (1981a) proposed t h a t  t h e  o rgan ic  phase o f  coa l  c o n s i s t s  o f  a 
c ross l i nked  macromolecular s t r u c t u r e  which does n o t  d i s s o l v e  a t  l ow  temperatures 
unless r e a c t i o n  and degradat ion occur; and o f  a p o r t i o n  o f  uncross1 inked macromole- 
c u l a r  chains o f  predominate ly  a l i p h a t i c  character ,  which can be e x t r a c t e d  a t  low o r  
moderate temperatures i f  an approp r ia te  so l ven t  i s  used. 
molecules may be m a t e r i a l  from t h e  o r i g i n a l  ma t te r  formed d u r i n g  d iagenesis ,  o r  
p a r t i a l l y  degraded chains t h a t  were formed through depplymer izat ion r e a c t i o n s  d u r i n g  
t h e  development o f  coal .  F igure 1 shows a s i m p l i f i e d  d e s c r i p t i o n  o f  t h e  o rgan ic  
phase accord ing t o  Lucht  and Peppas. The same scheme inc ludes  not o n l y  i d e a l  
chemical c r o s s l i n k s  (A,B) bu t  a l s o  unreacted f u n c t i o n a l i t i e s  (C), cha in  ends ( D ) ,  
and va r ious  defects o f  t h e  macromolecular s t r u c t u r e  such as l oops  ( F )  and phys i ca l  
c r o s s l i n k s  (E), known as entanglements. 
i s  h i g h l y  entangled, t h a t  i s  t h e  chains a r e  r i g i d  and have l i m i t e d  m o b i l i t y .  
t hey  a re  u n l i k e l y  t o  d i sen tang le  when st ressed o r  swelled. Chemical c r o s s l i n k s  a r e  
formed by chemical r e a c t i o n  o f  two or more chains t o  y i e l d  a m u l t i f u n c t i o n a l  cross-  
l i n k .  

The chemical na tu re  o f  t h e  c o r s s l i n k s  found i n  coa l  has n o t  been adequately 
determined. I n  t h e  development o f  mathematical models t o  desc r ibe  t h e  behavior  o f  
t he  network, c r o s s l i n k s  a re  assumed-to be p o i n t s  o r  s h o r t  b r i dges  w i t h  a molecular  
weight much smal ler  than Hc. 
molecular  weight  between c r o s s l i n k s  o f  t h e  coa l  s t r u c t u r e .  
t h e  degree o f  c r o s s l i n k i n g  decreases. 

f o r  s t a t i s t i c a l  ana lys i s ,  Lucht  and Peppas (1981b) proposed a c r o s s l i n k e d  coa l  
s t r u c t u r e ,  where t h e  c r o s s l i n k s  a re  bonding reg ions  s i m i l a r  t o  groups proposed by 
Wiser (1977) (see F igu re  2). 
connecting bonds. 
o c y c l i c  r i n g s  fused together ,  whereas t h e  connect ing bonds 
as -0-, -S-S- and -CH2-. 
l a r g e  p o r t i o n  of  t h e  coa l  do n o t  e x h i b i t  a repea t ing  u n i t ,  as de f i ned  i n  convent ional  
polymers. Thus, coal  does n o t  have a "polymer s t r u c t u r e "  b u t  a macnomolecuRatl 

has c rea ted  some confusion, n o t  o n l y  among coa l  s c i e n t i s t s ,  who t r y  t o  analyze t h e  
c ross l i nked  s t r u c t u r e ,  b u t  a l s o  among polymer s c i e n t i s t s ,  who t r y  t o  apply  s t a t i s t i c a l  
mechanical t heo r ies .  A h y p o t h e t i c a l  repea t ing  u n i t  may be de f i ned ,  s o l e l y  f o r  
purposes o f  a p p l i c a t i o n  of t o p o l o g i c a l ,  s t a t i s t i c a l  mechanical,  and s w e l l i n g  theor ies,  
f o r  t h e  de te rm ina t ion  o f  9. 

Experimental techniques which support t h e  ex i s tence  o f  a c r o s s l i n k e d  s t r u c t u r e  
are based on e x t r a c t i o n  and s w e l l i n g  O f  t h e  coal  sample o r  coa l  m a t r i x  wi th thermo- 
dynamical ly  "good" so l ven ts  such as p y r i d i n e  and e thy lene  diamine, and thermodynamically 
1. Present address: 
2. Corresponding author .  

Van Krevelen (1961) and Sanada and Honda (1966, 1967) were t h e  f i r s t  t o  propose 

Since then, Larsen and Kovac (1978), and Lucht  and Peppas (1981a) 

These unc ross l i nked  

Physica l  c r o s s l i n k s  occu r  because t h e  system 
Hence, 

Here M, r e f e r s  t o  t h e  s t a t i s t i c a l  number average 
Obviously, as 9 increases 

To f u r t h e r  s i m p l i f y  t h e  macromolecular s t r u c t u r e  i n  o r d e r  t o  make i t  t r a c t a b l e  

Each chain cons is t s  o f  groups o f  aromat ic  c l u s t e r s  and 
The c l u s t e r  may be a s t r u c t u r e  o f  two o r  more aromat ic  o r  he te r -  

In  a d d i t i o n ,  t h e  macromolecular cha ins  which c o n s t i t u t e  a 
a r e  s imple groups such 

6&UCtwL'2. 
The un fo r tu rna te  use o f  t h e  t e r n  "po lymer ic  s t r u c t u r e "  by Van Krevelen (1961), 
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Figure 1 .  Simplified Representation o f  the Crosslinked Structure of Coal Including 
Possible Defects. : Chains participating in network structure; - - - - *  . extractable 
(unreacted o r  d e g r a m  chains; 0: crosslinks ( junct ions) ;  0 :  molecules of swelling 
agent; 9: molecular weight between crosslinks; A:  tetrafunctional crosslink; B :  multi- 
functional cross1 ink; C: unreacted functionalites; D:  chain end; E :  entanglement; F: 
chain loop; G .  effective network chain; H: mesh size. 

' 

P 

, 

Figure 2.  Proposed Crosslinked Structure in Coals According t o  Lucht and Peppas 
(1 981 ). 
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"Poor" Solvents such as methanol, benzene, e thanol ,  e t c .  Most o f  t h e  s tud ies  have 
been performed us ing e i t h e r  Soxhlet  e x t r a c t i o n ,  o r  s imple o r  s o p h i s t i c a t e d  dynamic 
s w e l l i n g  experiments. The term "so l ven t "  i s  used here i n te rchangeab ly  t o  descr ibe 
l i q u i d s  which d i sso l ve  coal ,  and a l s o  l i q u i d s  which swel l  i t  o r  r e a c t  w i t h  it. 

phase of  coal i n  terms o f  parameters o f  t h e  c r o s s l i n k e d  s t r u c t u r e .  

EXPERIMENTAL PART 

Coal samples which had been ground t o  an average p a r t i c l e  s i z e  o f  20-30 mesh 
(600-850 um) and packed under n i t r o g e n  were fu rn i shed  by t h e  coa l  bank o f  Pennsylvania 
S ta te  Un ive rs i t y .  

E x t r a c t i o n  was used t o  separate t h e  coa l  m a t r i x  f rom m a t e r i a l  which i s  f r e e  o r  
l o o s e l y  he ld i n  the  i n t e r s t i c e s .  
mesh p a r t i c l e  s i z e  and approx imate ly  3 g. was weighed t o  5 0.0001 g, and e x t r a c t e d  i n  
a Soxhlet  apparatus u s i n g  p y r i d i n e  ( A l d r i c h )  under n i t r o g e n  a t  115.5"C. 
s o l u t i o n  was rep laced every one t o  f o u r  days w i t h  f r e s h  p y r i d i n e  u n t i l  t h e  e x t r a c t  
s o l u t i o n  appeared t o  be pure p y r i d i n e  ( u s u a l l y  one t o  e i g h t  weeks). The ex t rac ted  
res idue was d r i e d  t o  cons tan t  weight  under vacuum a t  ca 60°C and ea 0.93 MPa under 
f l o w i n g  n i t rogen .  

e q u i l i b r i u m  volume f r a c t i o n  o f  coal  i n  a so lvent-swel led system a t  a s p e c i f i e d  
s w e l l i n g  temperature. Data were c o l l e c t e d  v i a  g r a v i m e t r i c  s o r p t i o n  s tud ies .  Samples 
were d r i e d  a t  60" t o  80°C under f l o w i n g  n i t r o g e n  a t  s l i g h t l y  g r e a t e r  than atmospheric 
pressure f o r  a t  l e a s t  24 hours t o  remove f r e e  su r face  water. Preweighed samples were 
exposed t o  an environment sa tu ra ted  w i t h  vapors o f  p y r i d i n e  i n  dess i ca to rs  a t  s p e c i f i e d  
temperatures, maintained constant  e i t h e r  w i t h  a water  ba th  o r  w i t h  a convect ion oven. 
The t ime  requ i red  f o r  s w e l l i n g  e q u i l i b r i u m  was between 5-12 weeks. A t  t h e  end o f  t he  
s w e l l i n g  per iod,  t h e  samples were removed and reweighed. 

RESULTS AND DISCUSSION 

E q u i l i b r i u m  s w e l l i n g  s tud ies  p rov ide  t h e  f i n a l  va lues o f  t h e  e q u i l i b r i u m  volume 
f r a c t i o n  o f  coal i n  a so l ven t -  swel led system, u2, a t  a s p e c i f i e d  s w e l l i n g  temperature. 
The degree o f  swe l l i ng ,  Q = l / u 2 ,  i s  an i n d i c a t o r  o f  b o t h  so l ven t / coa l  thermodynamic 
i n t e r a c t i o n s  and o f  t h e  physicochemical s t r u c t u r e s  o f  coa l .  It can be used i n  any  
Gaussian o r  mod i f i ed  Gaussian network equat ion such as equat ion (1) t o  determine M, 
and o t h e r  c r o s s l i n k i n g  parameters. 
f avo rab le  thermodyna_mic i n t e r a c t i o n s  w i t h  a so l ven t  f o r  i q u e f a c t i o n  purposes. 

Here we present recen t  experimental r e s u l t s  which c h a r a c t e r i z e  t h e  organic  

I n  a t y p i c a l  e x t r a c t i o n ,  a coa l  sample o f  20-30 

The e x t r a c t  

Equ i l i b r i um s w e l l i n g  s tud ies  were conducted t o  p rov ide  t h e  f i n a l  values o f  t h e  

I n  a d d i t i o n ,  r e s u l t s  can be used t o  q u a n t i f y  

2 1.  
+ n ( l  - u2) + u2 t xu ][I - 1 u2/31 2 N 2  

Here, Ec i s  t h e  number average molecular  weight  between c r o s s l i n k s ;  
volume o f  t h e  macromolecule; V i s  t h e  molar  volume o f  t h e  s w e l l i n g  agent; u2 i s  t h e  
volume f r a c t i o n  o f  t h e  macromolecule i n  t h e  swol len system; x i s  t h e  Flory-Huggins 
thermodynamic i n t e r a c t i o n  parameter; and N i s  t h e  number o f  bond vec to rs  i n  a s i n g l e  
chain, .given by equat ion ( 2 )  where M r  i s  t h e  m l e c u l a r  weight  o f  t h e  c h a r a c t e r i s t i c  
repeat ing u n i t .  - 

M- 

i s  t h e  s p e c i f i c  

Equation (1 )  was developed s p e c i f i c a l l y  f o r  a p p l i c a t i o n  t o  t h e  e q u i l i b r i u m  
so lven t  s w e l l i n g  o f  coa ls .  
so lvent-swel led coa ls  by l i m i t i n g  t h e  e x t e n s i b i l i t y  o f  t h e  i n d i v i d u a l  chain.  I t  i s  
therefore more approp r ia te  f o r  de te rm ina t ion  o f  t h e  molecular  weight  between cross-  
l i n k s ,  9, v i a  so l ven t -swe l l i ng  s tud ies,  than t h e  Flory-Rehner equat ion,  which assumes 
t h a t  t h e  end-to-end d i s tance  between cha in  ends i s  much l e s s  than t h e  contour  l e n g t h  
of  t he  chain and thus a l l o w s  a cha in  t o  be i n f i n i t e l y  ex tens ib le .  

It must be noted t h a t  i n  our  proposed model (F igu re  2), a repea t ing  u n i t  cons i s t s  

Th is  approach accounts f o r  t h e  f i n i t e  expansion o f  
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o f  a c l u s t e r  and a connect ing bond. Th is  i s  a reasonable assumption i n  view o f  the 
comparat ive ly  small  s i z e  o f  t h e  connect ing bond ( u s u a l l y  -CH2-, -S-S-, o r  -0-) w i t h  
respect  t o  the  c l u s t e r  s i ze .  The molecular  weight  o f  a repea t ing  u n i t  i s  about 130 
f o r  l i g n i t e s ,  170 f o r  b i tuminous coa ls  up t o  86%C (drrmf), and 370 f o r  coa ls  w i t h  a 
h igher  carbon content .  

so lvents  which causes s i g n i f i c a n t  s w e l l i n g  i n  a l l  bu t  t h e  h ighes t  rank coa ls ;  some 
researchers (e.g., Marzec e,t d., 1979) b e l i e v e  t h a t  p y r i d i n e  has a s t ronger  i n t e r -  
a c t i o n  w i t h  coal  than t h e  e x t r a c t a b l e s  and t h a t  p y r i d i n e  may be a b l e  t o  dest roy 
hydrogen-bonding i n  t h e  coal  s t r u c t u r e .  

F igure 3 i s  a t y p i c a l  graph o f  r e s u l t s  showing t h e  dependence o f  t h e  degree of 
swel l ing,  Q, co r rec ted  f o r  m ine ra l  ma t te r  on carbon con ten t  (on a dmmf b a s i s ) .  
was assumed t h a t  t h e  o rgan jc  vapor does n o t  swel l  c l a y s  o r  meta ls  t o  a s i g n i f i c i a n t  
degree, so t h e i r  weight was sub t rac ted  f rom t h e  t o t a l .  P y r i d i n e  vapor s w e l l i n g  was 
conducted a t  35.0 t 0.5"C f o r  60 days t o  s w e l l i n g  e q u i l i b r i u m  and compared w i t h  the  
da ta  obtained, as aesc r ibed  above, over 51 days a t  60 t 0.5"C. 
i s  s i g n i f i c a n t l y  g rea te r  a t  60°C than a t  35"C, a l t houg l i  t h e  shapes o f  t h e  curves are 
s i m i l a r .  A t  35"C, the  degree o f  s w e l l i n g  i s  constant  a t  Q = 1.8-2.0 from ca 70%C and 
up t o  approx imate ly  86%C, d ropp ing  as i n  t h e  h ighe r  temperature case t o  Q = 1.1 a t  91%C. 

Experimental data were a l s o  obta ined which show t h e  e f f e c t  o f  p y r i d i n e  p re t rea t -  
mew& on t h e  sc!vent vapor s w e l l i n g  o f  coa ls .  
was performed a t  60 t 0.5"C f o r  51 days and these data a r e  shown i n  F igu re  4. 
shape o f  t h e  cu rve  is s i m i l a r  t o  t h a t  o f  t h e  unex t rac ted  c o a l s  swel led by p y r i d i n e  as 
shown i n  F igure 3, a l though t h e  magnitude o f  t h e  degree o f  s w e l l i n g  i n  t h e  p y r i d i n e  
e x t r a c t e d  coa ls  ove r  t h e  carbon con ten t  range o f  69.94 t o  82.48%C (dmmf) i s  somewhat 
lower  than f o r  t h e  unext racted coa ls ,  rang ing  from Q = 2.2 t o  2.5 f o r  t h e  p y r i d i n e  
ex t rac ted  coal  samples as compared t o  Q = 2.5 t o  2.8 f o r  t h e  un t rea ted  coal  samples. 

ANALYSIS 
The mod i f i ed  Gaussian network equat ion ( 1 )  can be a p p l i e d  o n l y  t o  t h e  r e s u l t s  o f  

swe l l i ng  o f  coal networks which a r e  f r e e  o f  unc ross l i nked  m a t e r i a l ,  i .e., ex t rac tab le  
ma te r ia l .  Thus, o n l y  t h e  r e s u l t s  from t h e  e q u i l i b r i u m  s w e l l i n g  o f  py r id ine -ex t rac ted  
coa l  samples were used i n  t h e  de te rm ina t ion  o f  t h e  molecular  weight  between c ross l i nks .  

I n  t h e  de te rm ina t ion  o f  t h e  mo lecu la r  weight  between c r o s s l i n k s ,  t h e  volume 
f r a c t i o n  o f  coal  i n  t h e  p y r i d i n e  swol len system, u2 = 1/Q, was c a l c u l a t e  on a mineral 
ma t te r  f ree  basis, assuming t h a t  pores wi th  d iameter  o f  g r e a t e r  than 50 f conta ined 
condensed so l ven t  o n l y  which d i d  n o t  c o n t r i b u t e  t o  swe l l i ng .  The values o f  these pore 
volumes were determined by mercury porosimetry. 

The average values o f  t h e  mo lecu la r  weight  o f  a h y p o t h e t i c a l  repea t ing  u n i t  o f  
coal  were taken t o  be 130 f o r  l i g n i t e  o r  sub-bituminous coal  samples, 170 f o r  
bituminous coal  samples w i t h  carbon con ten ts  up t o  ca 86%C (dmmf), and 370 f o r  a l l  
coa l  samples o f  rank g r e a t e r  than medium v o l a t i l e  bituminous up t o  semi-anthrac i te  
samples. 
aromatic/hydroaromatic c l u s t e r s  and t h e i r  cross1 i n k s .  

contents  o f  75.9, 82.4, and 88.2ZC (dmnf) were determined by t h e  Hildebrand-Skatchard 
regu la r  s o l u t i o n  theo ry  f rom t h e  s o l u b i l i t y  parameters determined by K i r o v  ct at . ,  
(1967). 
a t  25"C, w h i l e  t h e  e q u i l i b r i u m  s w e l l i n g  experiments o f  our  work were c a r r i e d  out  a t  
35, 60 and 80°C. 
f o r  d i f f e r e n t  temperatures i n  t h e  f o l l o w i n g  way. 

on carbon content  i s  shown i n  F igure 5 w h i l e  t h e  dependence o f  t he  e f f e c t i v e  molecular  
weight  between c ross l i nks ,  5. on carbon con ten t  i s  shown i n  F igu re  6. Resul ts  from 
e q u i l i b r i u m , s w e l l i n g  by p y r i d i n e  vapor a t  35°C o f  p y r i d i n e  ex t rac ted  c o a l s  were used 
i n  t h e  a p p l i c a t i o n  o f  equat ion ( 1 ) .  

The number of  repea t ing  u n i t s  between c r o s s l i n k s  i s  r e l a t i v e l y  constant ,  ranging 
from N = 7.0 t o  8.5, over  t h e  carbon content  range o f  69.96 t o  82.48%C (dmmf). A t  a 
carbon con ten t  o f  86.01%C (dmnf), t h e  va lue o f  N drops t o  4.6 and cont inues t o  dec l i ne  

Py r id ine  was used as t h e  probe f o r  most experiments because i t  i s  one o f  t he  few 

It 

The degree -o f  swel l ing 

E q u i l i b r i u m  s w e l l i n g  o f  these-samples 
The 

These va lues were determined from t h e  present  view o f  t h e  s i z e  o f  t h e  

The values o f  t he  thermodynamic i n t e r a c t i o n  parameter, X, f o r  coa ls  w i t h  carbon 

The va lues o f  t h e  s o l u b i l i t y  parameter repo r ted  i n  t h a t  s tudy were determined 

Therefore, c o r r e c t i o n s  i n  t h e  s o l u b i l i t y  parameter va lues were made 

The dependence o f  t h e  e f f e c t i v e  number o f  repea t ing  u n i t s  between c ross l i nks ,  N, 
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Figure 3. Equilibrium Swelling by Pyridine Vapor of 20-30 mesh, Untreated Coal 
Particles. ( n ) 60°C; ( 0 )  35°C. 
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Figure 4. Equilibrium Swelling by Pyridine Vapor o f  20-30 mesh, Pyridine-Extracted 
Coal Particles at 60°C. 
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Figure 5. Dependence o f  Number o f  Repeating Units Between Crosslinks on Carbon Content 
o f  Coal Sample. 

PERCENT CARBON CONTENT.(DMMF) 

Figure 6. Dependence o f  Molecular Weight Between Crosslinks on Carbon Content o f  
Coal SarnDle. 



t o  a va lue o f  2.2 a t  a carbon con ten t  o f  91.54%C ( d m f ) .  
Nelson (1983) obta ined so l ven t  uptake data f o r  methanol vapor i n t o  coal over  a 

range o f  a c t i v i t i e s  of methanol and then a p p l i e d  m o d i f i c a t i o n  and rearrangements of  
t he  Flory-Rehner network s w e l l i n g  equat ion and o f  t h e  mod i f i ed  Gaussian network 
equat ion (1)  t o  these r e s u l t s .  The m o d i f i c a t i o n  he made was t o  assume t h a t  t h e  swol len 
coal  system was i n f i n i t e l y  d i l u t e  i n  coa l ,  and thus t h e  volume f r a c t i o n  of so l ven t  
c o u l d  be approximated as t h e  a c t i v i t y  o f  t h e  so l ven t .  
approximation as the  volume f r a c t i o n  o f  coal  i n  a methanol swel led coa l  system i s  on 
t h e  o rde r  o f  0.7. He a l s o  assumed i n  h i s  de te rm ina t ion  o f  t he  molecular  weight  
between c r o s s l i n k s  t h a t  t h e  number o f  repea t ing  u n i t s  between c r o s s l i n k s  was about 7. 
Th i s  defeats  t h e  purpose of  t h e  modi f ied Gaussian equation, which i s  t o  e l u c i d a t e  t h e  
e f f e c t i v e  f l e x i b i l i t y  o r  number o f  repea t ing  u n i t s  between c r o s s l i n k s .  It i s  t h e  
s i z e  o f  t he  repeat ing u n i t  which must be known o r  est imated. 
molecular  weight between c r o s s l i n k s  determined by Nelson f o r  s w e l l i n g  by methanol were 
ca 70 and ca 120, us ing  t h e  Flory-Rehner and mod i f i ed  Gaussian equations, r e s p e c t i v e l y .  

E q u i l i b r i u m  swe l l i ng  r e s u l t s  o f  p y r i d i n e  e x t r a c t e d  coa ls  i n  p y r i d i n e  l i q u i d  a t  
room temperature were obta ined by K i rov  et d. (1967). The research group of  Sanada 
and Honda (1966) performed e q u i l i b r i u m  s w e l l i n g  o f  p y r i d i n e  e x t r a c t e d  coals  w i t h  
p y r i d i n e  vapor a t  room temperature. Both groups used t h e i r  data i n  t h e  Flory-Rehner 
Gaussian equation. The r e s u l t s  have been r e c a l c u l a t e d  (Larsen and Kovac, 1978; Lucht 
and Peppas, 1981a) t o  c o r r e c t  some e r r o r s  i n  t h e  i n i t i a l  work o f  Sanada and Honda 
and t o  conver t  the va lues o f  volume between c r o s s l i n k s  determined by K i rov  et d. t o  
t h e  more commonly used molecular  weight between c r o s s l i n k s .  

and 940 f o r  coa ls  w i t h  carbon con ten t  o f  75.9, 82.4 and 88.2%C ( d a f ) .  
o f  t h e  values Mc are approx imate ly  t w i c e  t h o s e ' o f  ou r  values, which cou ld  r e s u l t  from 
an apparent h igh  degree o f  s w e l l i n g  due t o  so l ven t  between p a r t i c l e s  i n  t h e  l i q u i d  

and Honda range from iC equal t o  zero ( a  l a r g e  nega t i ve  number) t o  about 15,000, 
a l though many o f  t h e i r  values o f  hic range from 700 t o  2000. 
o f  
obta ined from t h e  r e s u l t s  o f  osmotic pressure da ta  f o r  p y r i d i n e  ex t rac tab les  o f  
Wynne-Jones e& d. (1952). 
t h e  va lue o f  Mc w i l l  a l s o  i nc rease  u n t i l  x reaches a c e r t a i n  c r i t i c a l  value, beyond 
which t h e  Gaussian and t h e  mod i f i ed  Gaussian equat ions p r e d i c t  a nega t i ve  molecular  
weight  between c ross l i nks .  
h i g h  degree o f  s w e l l i n g  and unfavorable i n t e r a c t i o n  between a so l ven t  and t h e  macro- 
molecule being swelled. 
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, 
' Th is  i s  obv ious l y  an i n v a l i d  

\ 

The va lues o f  t h e  

The values o f  determined by us from the  data o f  K i rov  et d. a r e  2595, 2100 
The magnitude 

' e q u i l i b r i u m  s w e l l i n g  rocedure used. Our co r rec ted  r e s u l t s  o f  the da ta  o f  Sanada 

, The unreasonable va lues 
r e s u l t  from t h e  va lues they  used o f  t h e  thermodynamic i n t e r a c t i o n  parameter, X ,  

When t h e  va lue o f  x increases f o r  a g i ven  s e t  o f  cond i t i ons ,  

Rephrased, i t  i s  imposs ib le  t o  have s imul taneously  a 
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